The ATLAS Collaboration A search for dijet resonances in events with at least one isolated charged lepton is performed using 139 fb −1 of √ s = 13 TeV proton-proton collision data recorded by the ATLAS detector at the LHC. The dijet invariant-mass (m jj ) distribution constructed from events with at least one isolated electron or muon is searched in the region 0.22 < m jj < 6.3 TeV for excesses above a smoothly falling background from Standard Model processes. Triggering based on the presence of a lepton in the event reduces limitations imposed by minimum transverse momentum thresholds for triggering on jets. This approach allows smaller dijet invariant masses to be probed than in inclusive dijet searches, targeting a variety of new-physics models, for example ones in which a new state is produced in association with a leptonically decaying W or Z boson. No statistically significant deviation from the Standard Model background hypothesis is found. Limits on contributions from generic Gaussian signals with widths ranging from that determined by the detector resolution up to 15% of the resonance mass are obtained for dijet invariant masses ranging from 0.25 TeV to 6 TeV. Limits are set also in the context of several scenarios beyond the Standard Model, such as the Sequential Standard Model, a technicolor model, a charged Higgs boson model and a simplified Dark Matter model.
Introduction
In the Standard Model (SM), events with two or more jets are usually produced by strong interactions described by quantum chromodynamics (QCD). Searches for resonances in dijet invariant-mass distributions provide a means to investigate a wide range of theories beyond the Standard Model (BSM). Such searches are sensitive to heavy particles that decay into two partons which, following fragmentation, form two jets. Studies of this kind were among the first published using early data from the ATLAS [1] [2] [3] [4] and CMS [5] [6] [7] experiments at the Large Hadron Collider (LHC) at CERN, when operations at high energy first began. Later results used new datasets as the LHC increased the collision energy, from 7 TeV to 8 TeV during Run 1 [8] [9] [10] , and then to 13 TeV for Run 2 [11] [12] [13] [14] [15] [16] [17] [18] [19] . Typically, these searches initially focused on resonances with high dijet invariant masses, m jj , e.g. on enhanced event yields in the new kinematic regime opened up by the increase in energy. However, as the integrated luminosity collected at the highest available energy increased, without signs of new physics at high masses, there has been renewed interest in exploiting these large datasets to also look for signals in the region m jj < 1 TeV. These low-mass regions are difficult to access in inclusive dijet searches due to limitations imposed by the high transverse-momentum thresholds applied to jet triggers to keep trigger rates at manageable levels. Such studies have been performed with inclusive samples using analyses done at so-called 'trigger level' [10, 13] . Other strategies involve requiring the presence of an associated object that can be used for triggering, such as a photon from initial-state radiation [14] . The results presented here complement these techniques by searching for dijet resonances in events containing an isolated electron (e) or muon (µ). Besides providing access to lower dijet invariant masses, the requirement of a final-state lepton in addition to jets provides sensitivity to a set of new-physics models that cannot be studied using jet triggers.
Many BSM models predict new heavy resonances in production modes, yielding a final state consisting of jets, produced in the resonance decay, accompanied by at least one lepton. At hadron colliders, possible processes are→ W X → νqq and→ X → W X → νqq, as well as production induced by gluon-gluon fusion, where the X and X can be either scalar or vector particles. Examples include technicolor models,→ ρ T → W π T → νqq [20] (in which a technirho ρ T decays into a W boson and a technipion π T , see Figure 1 (a-b)), the Sequential Standard Model [21] , W → W Z → lνqq (where W and Z are new heavy gauge bosons, see Figure 1 (c)), and charged Higgs models [22] (Figure 1(d) ). A number of dark-matter (DM) models also predict new resonances that can be produced in association with vector bosons [23] (Figure 1 (e-f)).
Searches for the signatures of specific models may benefit by requiring the presence of other leptons (as in the case of associated Z boson production), b-tagged jets, missing transverse momentum (in the case of W boson or top decays) or other model-specific kinematic quantities. However, the study presented in this article focuses on a generic search for BSM resonances in the dijet invariant-mass distribution constructed from events with at least one isolated electron or muon, in order to explore the potential of searches without signal-specific selections. Model-dependent limits are set by taking into account the signal shapes expected in the models described above. This search uses an integrated luminosity of 139 fb −1 of √ s = 13 TeV proton-proton (pp) collision data recorded by the ATLAS detector over the full period of Run 2 of the LHC. Figure 1 : Representative Feynman diagrams for the processes considered in this analysis: (a)-(b) the techicolor model with production of ρ T decaying into π T W ± , (c) W → Z W ± production in the Sequential Standard Model, (d) the charged Higgs boson production in association with a top quark, tbH + , (e)-(f) the simplified dark-matter model.
Monte Carlo simulations
Monte Carlo (MC) simulations are used to investigate contributions to the m jj distribution from various SM processes, as well as to estimate the background from data. The sources of background modelled using MC simulation are the QCD multijet, tt and W+jets processes. The multijet event sample was simulated with the P 8.186 [38] generator with the NNPDF2.3 [39] set of parton distribution functions (PDF) and a set of tuned parameters called the A14 tune [40] . The tt and W+jet events were produced using the P B [41] [42] [43] [44] v2 generator interfaced with P 8. This simulation used the CT10 NLO PDF set [45] and the AZNLO tune [46] .
For the model-dependent searches, MC simulations are also used to predict the expected signal shapes for the BSM models discussed earlier:
Higgs boson production in association with a top quark, tbH + ; and (4) a simplified DM model with an axial-vector mediator, Z .
The W → W Z → νqq and ρ T → W ± π T → νqq simulations are performed at leading-order QCD using P 8 and P 6 [47] , respectively, with the CT10 NLO PDF set. The parton showering and hadronisation of the latter simulation are performed using the A14 tune of P 8. The first model assumes a Z dijet resonance produced in association with a leptonically decaying W from the→ W process. The relative width of the Z is set to 3.2%, which is the default value in P . The W to W Z branching fraction is chosen to be 0.5 and the mass difference between the W and Z was set to 250 GeV. This latter requirement yields the largest predicted cross-section for the desired final state. This model is also used to estimate systematic uncertainties in generic signals approximated by Gaussian functions with widths varying between 5% and 15% of the dijet invariant mass.
The second model considered is a generic technicolor model [48] that assumes the production of a technirho, ρ T , that decays into a leptonically decaying W boson and a technipion π T , decaying into two jets. The mass of the ρ T is chosen to be a factor of two larger than the mass of the π T , which maximises the cross-section for the lνqq final state. The signal width for this model is approximately 15% of the predicted technipion mass.
The tbH + process is modelled with M G 5_aMC@NLO [49] at next-to-leading order (NLO) in QCD [50] , based on a two-Higgs-doublet model (2HDM) in the m mod− h scenario [51] and a four-flavour scheme implementation with the NNPDF2.3 PDF set. The H + decay into tb is assumed. Parton showering and hadronisation are modelled using P 8 with the A14 tune. This simulation uses the narrow-width approximation [52] , and effects related to W boson polarisation and the interference between tbH + and the SM tt + bb background are not included. The narrow-width approximation has a negligible impact on the limit presented in this paper since the peak in the m jj distribution has a relative half width at half maximum (HWHM) of about 30% of the m jj peak position. This width is much larger than the H + natural width of about 4% of the H + mass for tan β = 1, where tan β is the ratio of the vacuum expectation values of the two scalar doublets in the 2HDM. While the tb final state includes more than two jets, simulation studies indicate that, for events arising from the tbH + process, m jj distributions obtained from the two highest-p T jets have well-defined peaks for m H + values above 600 GeV. The reconstructed m jj peak position is shifted from the m H + value by about 30% to lower masses since the two leading jets used for m jj do not contain the complete information about the H + decays.
This analysis also studies a benchmark simplified DM model with an axial-vector mediator Z , in which the lepton originates from the decay of a W boson, e.g.→ Z W where the Z decays into jets and the W via W → ν. This model assumes the leptophobic couplings g q = 0.25, g = 0, and g DM = 1, following the recommendations of the LHC-DMWG [23]. Here g q , g and g DM are the couplings of the mediator to quarks, leptons and the DM particle, respectively. Signal MC events were generated with M G 5_aMC@NLO at leading order in QCD. Possible interference between SM and DM processes was studied at parton level and shown not to affect the shape or normalisation of the resonance mass peaks, so is not included in the simulation sample.
All MC samples, with the exception of the tbH + and DM models, were passed through the full ATLAS detector simulation [53] based on G 4 [54] ; the tbH + and DM processes were simulated using the ATLAS fast simulation framework, ATLFAST-II [55] , which uses parameterisations of electromagnetic and hadronic showers in the calorimeters. All simulated events are corrected so that the object identification, reconstruction and trigger efficiencies, energy scales and energy resolutions match those determined from data control samples. After this correction, additional systematic uncertainties were applied to cover for the difference between the data and MC simulations as described in Section 6. Additional simulated pp collisions generated using P 8, with the A3 set of tuned parameters [56] and the NNPDF2.3 PDF set, were overlaid to simulate the effects of pile-up in a manner that matches the multiplicity distribution of additional collisions in the data. Simulated events were reconstructed and analysed with the same algorithms as used for data.
Analysis procedure
The existence of a new resonant state of mass m X decaying into partons that hadronise to two jets could lead to an observable excess of events at m jj ≈ m X on an otherwise smooth and monotonically decreasing dijet invariant-mass distribution. This analysis presents a search for such an excess in the range 0.22 < m jj < 6.3 TeV.
The bin widths of the m jj distribution are chosen to be approximately equal to the dijet mass resolution at a given mass and therefore widen from 13 GeV to 120 GeV, over the specified range in m jj . The following fit function [8, 13, 14 ] is used to model the shape of the estimated background,
where x ≡ m jj / √ s and the p i are free parameters.
To investigate the ability of Eq. (1) to accurately describe the background in the signal region, a likelihood fit is performed to the background estimate obtained from MC simulations of QCD multijet, W+jets and tt samples. The combined contribution from W and top-quark processes in the MC simulations varies from 1% to 10% as a function of m jj . The five-parameter fit function provides a good description of the signal region in this MC sample. However, Eq. (1) with p 5 = 0 also provides an adequate description of this distribution, which has far fewer events than are available in data. Additional studies were therefore undertaken, as described below. One is based on a control region (CR) defined for MC simulation, and the other on a CR defined for data; both provide far more events than are available in the MC distribution discussed above. These studies are also used to investigate possible effects related to jet reconstruction, or to leptons misidentified as jets, which may lead to structures in the m jj distribution that can be difficult to describe with a smoothly falling distribution and could be misinterpreted as a potential signal. In the first of these, a three-jet control region, referred to as the '2+1 jets' CR is constructed using MC events. This is identical to the signal region with the exception that a third jet with p T > 60 GeV is required instead of the charged lepton. Removing the requirement of a final-state lepton increases the number of events in the dominant multijet background sample by more than an order of magnitude. No significant deviations of the MC distribution from the fit hypothesis of Eq. (1) are observed in the 2+1 jets CR. The composition of this CR illustrates the decreased relative contributions from W and top-quark processes when requiring a third jet instead of a final-state lepton. Here, in the 2+1 jets CR, W and top processes contribute to the overall background at a level of less than 0.1% relative to QCD multijets.
The fit hypothesis of Eq. (1) models the 2+1 jets CR well, giving χ 2 /ndf 1.2 and a ratio of the MC distribution to the fit that is within 5% of unity over the full range of m jj . The distribution of the fit residuals is consistent with a normal distribution with a mean of zero. It is observed that all five fit parameters are strongly constrained by the low-mass region, m jj < 1 TeV, which has the most events. Functions of the form of Eq. (1) with fewer than five parameters fail to adequately describe the dijet mass distribution in this CR.
To complement the 2+1 jets CR used in MC studies, a 'loose electron' control region (LE-CR) is defined for the data. It is populated by selecting dijet events with at least one electron that satisfies a set of loose identification criteria but not the more stringent tight identification criteria, ensuring orthogonality with the signal region. The LE-CR is expected to have an increased multijet contribution due to the contamination from misidentified electrons. The main goal of this region is to verify that the data do not show structures that can be interpreted as signals when using the analytic fits. The number of events in the LE-CR is a factor of ten larger than in the 2+1 jets CR used in MC studies. Studies of this control region demonstrate that jet reconstruction does not lead to structures that can be interpreted as signals. The fit hypothesis of Eq. (1) models the LE-CR region with χ 2 /ndf 1.6 (see the Appendix A). The residuals are distributed according to a normal distribution with a mean consistent with zero. The fit with Eq. (1) performs poorly when the minimum value of m jj is below 200 GeV. The minimum value of m jj value is therefore set to 216 GeV, which is defined by the lower bin edge of the chosen binning. Fit functions with p 5 = 0 fail to describe the LE-CR.
Several alternative five-parameter functions for the description of the LE-CR region have been investigated. It was found that the only five-parameter function that adequately describes the LE-CR as a whole, and shows some systematic difference with respect to Eq. (1) in the tail of the m jj distribution, is a function obtained after replacing p 5 ln 2 x to p 5 / √ x. The application of this alternative function to the LE-CR region leads to residuals distributed according to a normal distribution with a mean consistent with zero. Functions with more than five parameters have also been investigated. A test based on the Wilks' theorem [57] shows that no additional parameters are needed.
To investigate potential biases in the description of the LE-CR by Eq. (1), 'signal-injection' and 'closure' tests are performed. For the signal-injection test, signal events modelled according to Gaussian distributions are added to the expected background distribution to assess whether or not the correct numbers of events can be extracted using signal-plus-background fits, assuming the known Gaussian signal shape. For the closure test, signal-plus-background fits are run on the background-only spectra of the LE-CR for different signal masses and the extracted signal yield is taken as an estimate of a false signal. In the first case, the extracted signal yield is consistent with the injected number of events within the statistical uncertainty. The number of extracted events in the closure tests was significantly smaller than the statistical uncertainty of the data points. This event rate for the signal region is considered as a source of systematic uncertainty in the limit values (discussed in Section 6).
Based on the studies of the control regions, the background-only hypothesis for the signal region is constructed using Eq. (1), over the m jj range from 216 GeV to 6.3 TeV.
To determine if the data deviate significantly from the background-only hypothesis prediction, the BumpHunter [58] test is used. This test calculates the significance of any excess found in mass intervals in all possible locations of the binned m jj . The width of the search window varies from a minimum of two m jj bins up to half the extent of the full m jj mass distribution. For each of the chosen intervals in m jj , a local p-value is calculated from a unique hypothesis test statistic. The method takes into account the look-elsewhere effect [59] by combining each of the hypothesis tests to form a new hypothesis test, and calculating the minimum p-value amongst all tests. A global p-value is then calculated and transformed to a significance assuming that bin-by-bin fluctuations of the data follow a Poisson distribution.
Pseudo-experiments are then used to determine the most significant local excess and, finally, a global significance is calculated. A null result from the BumpHunter test can only be used as an indication for non-observation of the searched-for processes but not as the necessary condition. Signal-injection tests using the BumpHunter background-only fit show a lower signal extraction efficiency for wide signals than for the signal-plus-background fit.
The Bayesian Analysis Toolkit [60] is used to set 95% credibility level (CL) upper limits on the cross-section for new processes that have a signature of a new particle decaying into partons which fragment to two jets in events with at least one isolated lepton of p T > 60 GeV. In the case where no statistically significant deviations are observed according to the BumpHunter test, the exclusion limits are set at the 95% CL on the production cross-section times branching ratio for generic resonances, as well as for a range of theories beyond the Standard Model. The free parameters of the fit function are considered as nuisance parameters. Systematic uncertainties are also included as nuisance parameters, assuming Gaussian priors. A constant prior is used for the signal normalisation. A total of 50,000 pseudo-experiments were created, using a nominal template defined from the best-fit values of all nuisance parameters and assuming no signal contribution. The 95% quantile in the signal contribution is calculated for each pseudo-experiment; this is taken as the upper limit on the number of possible signal events in the data, for each resonance mass and width hypothesis. This value, divided by the integrated luminosity, provides a measure of the upper limit on the cross-section times acceptance times efficiency times branching ratio for a resonance with that mass and width. This method is also used to determine the expected limits, along with the corresponding 1 and 2 standard deviation (σ) uncertainty bands.
Detector-level limits for the BSM models are corrected by the acceptance and efficiency as a function of the mass. The acceptance is defined by the p T and η requirements on the leptons and jets, and the requirement on the minimum dijet invariant mass used in this analysis. The acceptance is typically 40% for the lowest mass point, and increases to 60-90% for the highest mass, depending on the model. The efficiency correction includes various instrumental effects, such as the efficiencies for the trigger, lepton identification and lepton reconstruction efficiencies. A typical efficiency, averaged over the two lepton flavours, is 65-75%, depending on the particle mass and the type of BSM model. The efficiency is somewhat lower (about 50%) for the tbH + channel than for the other models due to a more complex final state leading to fewer isolated leptons.
Systematic uncertainties
The systematic uncertainties considered include those associated with the background description, the jet energy scale, jet energy resolution, lepton reconstruction, and luminosity.
The effects of jet energy scale (JES) and jet energy resolution (JER) uncertainties [36] are estimated using signal model MC events. These uncertainties cause shifts in the dijet masses by as much as ±1.4%. The combined effect from all systematic uncertainties leads to a 6% increase in the limits relative to the limits without uncertainties. This increase is typically within the 1σ band around the expected limits shown later. The uncertainty associated with the JES and JER dominates the total systematic uncertainty for m jj 2 TeV. At m jj > 2 TeV the uncertainties associated with the background description become comparable. The effect of lepton energy scale uncertainties is found to be negligible. Systematic effects from the lepton trigger, and from lepton identification and reconstruction are taken into account by assigning a constant systematic uncertainty of 1%. This group of uncertainties accounts for differences between data and MC modelling. The effect of the trigger on the shape of the m jj distribution is found to be negligible. An additional uncertainty in the limits is associated with variations of the shapes of the m jj signal distributions due to the PDF choice [12] . This arises from the fact that PDF uncertainty affects the angular distributions between the two jets, thus affecting simulated signal shapes used to derive the limits. Such shape-related systematic effects on the m jj distribution are accounted for by assigning a 1% PDF uncertainty to the calculated limits [12] . The PDF uncertainty is found to have a negligible effect on the acceptance corrections, which are dominated by the selection cut on the leptons. The uncertainty of 1.7% in the integrated luminosity is also accounted for.
For the generic Gaussian signals, JES and JER systematic uncertainties from the W → W Z → νqq MC events are used, parameterised as a function of mass to generate uncertainties for masses that are not covered by the W → W Z → lνqq samples. As a cross-check, other models predicting different signal widths are also used, but no significant differences are observed.
The uncertainties arising from imperfect knowledge of the background shapes are estimated by using an alternative fit function, given by Eq. (1), with the replacement p 5 ln 2 x → p 5 / √ x. In the region m jj < 2 TeV, the uncertainty related to this alternative function is negligible compared to the statistical variation of the nominal fit. The background shape uncertainty becomes comparable to the size of the statistical variations of the fit function at higher values of m jj . To account for the effects of the fit function choice on the extracted limits, the largest difference in the event yields between the nominal and the alternative background hypothesis is taken as a systematic uncertainty. The possibility of statistical biases related to the choice of functional form used to estimate the background is investigated using a closure test. To do this, pseudo-random distributions were created according to Eq. (1) with the parameters obtained from the data and allowing bin-by-bin fluctuations. These were fitted using Eq. (1) plus a Gaussian (signal) component with various fixed mean and width values, similar to what is done in the limit calculations. The distributions of the amplitude of the Gaussian components in these fits have mean values close to zero for all masses and widths, with RMS values indicating a negligible effect on the limits. This was also verified using more complex signal shapes predicted by the H + model.
Several theoretical uncertainties associated with the H + model are considered. The uncertainty due to the choice of PDF is found to have a negligible effect on the m jj distribution for H + masses below 2 TeV used for the calculation of limits in this analysis. The narrow-width approximation used by M G 5_aMC@NLO for tan β = 0.5 also has a negligible impact on the limit presented in this paper. This is checked by applying a smearing of the m jj distribution using the Breit-Wigner distribution with a width of 18% as predicted in the 2HDM model. The polarisation effect for top-quark production was studied using leading-order QCD simulations since no spin dependence is implemented in M G 5_aMC@NLO at NLO. No statistically observable effect on the m jj distribution is found. Figure 2 shows the m jj distribution obtained from the selected events in the combined electron-plus-muon channel. The result of applying the BumpHunter procedure is also shown, using a background fit with the five-parameter function from Eq. (1). The data are well described by the fit function, with χ 2 = 99.8 and the number of degrees of freedom (ndf) of 109 leading to χ 2 /ndf = 0.92. The lower panel shows the significances [61] of deviations from the background hypothesis, which can be approximated by (d i − f i )/δ, where d i is the value of the data points, f i is the fit value, and δ is an uncertainty. This uncertainty includes statistical and systematic uncertainties of the data points and the value of the fit in the ith bin. These significances are consistent with a normal distribution with a mean of zero and unit width (not shown). Figure 3 shows the results of the analysis applied separately to events containing a high-p T (a) electron or (b) muon, including the results from BumpHunter. The χ 2 /ndf values are indicated on each figure.
Results
The largest deviation of the data from the background-only hypothesis reported by BumpHunter in the combined channel is near 1.3 TeV, with a local p-value of 10 −3 , corresponding to a significance of 2.8 standard deviations. The second largest deviation near 400 GeV has a local significance of 1.3σ. Accounting for the look-elsewhere effect, the global p-value for the largest deviation for the electron-plus-muon channel is 0.3, leading to a significance of 0.5σ. This deviation from the background hypothesis is consistent with a statistical fluctuation, and results mainly from the electron channel. The largest deviation from the background hypothesis for the muon channel shown in Figure 3 In the absence of any significant signals indicating the presence of new phenomena beyond the SM, limits are set in the manner described in Section 5. The limits include the systematic uncertainties described in Section 6. Figure 4 shows the 95% CL observed limits for a hypothetical particle X resulting in a contribution to the observed m jj distribution with a Gaussian shape and various widths σ X . The limits are presented as a function of the mass m X in steps that correspond to the bin sizes times two. The background hypothesis is defined as the five-parameter fit described earlier. The expected limit and the corresponding ±1σ and ±2σ bands are shown for σ X /m X =0 signals. Appendix B shows the expected limit and the corresponding ±1σ and ±2σ bands for the σ X /m X =0.15 signals. Contributions from a Gaussian-shaped signal with minimum effective cross-sections ranging from approximately 100 fb to 0.1 fb are excluded in the mass range of 0.25-6 TeV.
The oscillations in the observed limits shown in Figure 4 for wide Gaussian signals are due to correlations between the points in the limit calculation, which uses the background function with unconstrained parameters. The correlation length between neighbouring mass points is proportional to the width of the resonances used for the limits. The correlation lengths increase with the width of the assumed Gaussian signal.
As a check, the statistical significance of the largest excess is studied under the signal-plus-background hypothesis. The function used to describe the data is constructed by adding a Gaussian distribution to the background shape described by Eq. (1). All the parameters but the Gaussian width are allowed to vary during the minimisation procedure. The local significance of the largest excess, calculated from the Gaussian normalisation factor and its uncertainty, does not exceed 2.6σ, i.e. it is smaller than the local significance reported by the BumpHunter. The same conclusion is obtained by using the test based on the likelihood ratio −2 ln L(0)/L(1), with L(0) and L(1) being the likelihoods of the null hypothesis and the signal-plus-background hypothesis from the global likelihood fits of the data, assuming the asymptotic approximation [62] . Systematic uncertainties are not included in this check.
Limits on BSM models
Exclusion limits are also set for the four BSM models discussed earlier. As discussed before, the analysis requires well-reconstructed jets and leptons, without additional selections tuned to the specific model under study. For the limit calculations, the shape of the m jj distribution for each model considered is taken from MC simulation, after detector simulation and reconstruction. The m jj distributions for the π T and Z decays have Gaussian-like shapes around the nominal generated masses, with a HWHM ranging from 10% to 20% in their Gaussian cores. The H + model has an m jj shape with a HWHM of about 30%, with the peak position shifted to a lower mass compared to m H + as discussed in Section 4.
The Bayesian limits are calculated using the m jj distribution with the background description discussed earlier, and then are corrected by the acceptance and efficiency corrections. All calculated limits account for the previously discussed systematic uncertainties. In each case, the minimum m jj value for the limits is selected to ensure that the signal acceptance is at least 30% for the mass points considered.
The limits on the ρ T → π T W ± and W → Z W ± signal models are shown in Figure 5 Figure 4 : The 95% CL observed limits for a hypothetical particle X resulting in a contribution to the observed m jj distribution with a Gaussian shape and various widths σ X . The m jj distribution is obtained from the two leading jets in events with at least one isolated lepton with p T > 60 GeV. The limits, presented for the fine steps in masses that correspond to the bin sizes times two, are calculated assuming widths of the Gaussian signal corresponding to 0%, 5%, 10% and 15% of the signal mass. For the latter two cases, the points below m jj = 0.3 TeV are excluded since the signal would, in part, be at masses below the minimum value considered here. The limits are set on the cross-section times the acceptance A, the efficiency and branching ratio B. The expected limit and the corresponding ±1σ and ±2σ bands are shown for the σ X /m X =0 signals. the observed limits from the expected limits near 400 GeV is consistent with a statistical fluctuation, as follows from the BumpHunter background-only hypothesis (see Section 7) . It is not observed for the Gaussian limits due to the minimum m jj requirement for the Gaussian signals with widths above 10%. The W → Z W ± model is excluded for Z masses up to 2 TeV, assuming the maximal cross-section, which occurs when the mass difference between the W and Z is 250 GeV (see Section 4).
The m jj distributions obtained using model-independent selection criteria can also be used to set limits on complex decay topologies. This is illustrated in the context of the H + signal model discussed in Section 4. The limits obtained without a channel-specific selection of this process are shown in Figure 5(c) . The data exclude a charged Higgs particle with a mass below 1.2 TeV, assuming tan β = 0.5, the 2HDM type-2 model with the four-flavour scheme and the narrow-width approximation. The H + limits are compared with the result [63] based on multivariate techniques and an early subset of the Run 2 data corresponding to 36.1 fb −1 of integrated luminosity. On average, the observed and expected limits in the mass range 0.8 TeV-1.4 TeV are about a factor of two better, and the highest excluded H + mass is 200 GeV higher for tan β = 0.5, than for the earlier Run 2 analysis. The excess above the expected limit near an H + mass of 1.8 TeV corresponds to the excess near 1.3 TeV for the background-only hypothesis, which is also observed in the Gaussian limits as discussed in Section 7. The observed limits shown in Figure 5 (c) are correlated since the reconstructed width of the signal is larger than the mass difference between the limit points. To verify the local statistical significance for the H + signal model under the signal-plus-background hypothesis, the likelihood fit of the data with the test statistic is performed using the asymptotic approximation [62] . Alternatively, the significance is calculated from the amplitude of the signal component of the signal-plus-background fit, after modelling the shape of the m jj distribution analytically. No systematic uncertainties are included. In all cases the local significance does not exceed 2.4σ, i.e. it is smaller than the significance reported by the background-only hypothesis discussed earlier.
The limits on the simplified dark-matter model, for the leptophobic couplings g q = 0.25, g = 0 and g DM = 1, are shown in Figure 5(d) . These exclude Z masses for this model below 1.2 TeV, complementing exclusions set previously by the ATLAS inclusive dijet search [17] for m Z < 1.5 TeV. 
Conclusion
A search for resonances in dijet invariant-mass distributions is presented, based on the analysis of events in which the jets are accompanied by at least one isolated high-p T lepton (e or µ). Events are selected from a data sample corresponding to an integrated luminosity of 139 fb −1 of proton-proton collisions at √ s = 13 TeV, recorded by the ATLAS detector during Run 2 of the LHC.
In the dijet invariant-mass range considered, 0.22-6.3 TeV, the most significant deviation from data-derived estimate of the Standard Model background in the combined electron and muon channel is observed around m jj = 1.3 TeV. Taking into account both the systematic uncertainties and the look-elsewhere effect, this excess has a p-value of 0.3. The data are thus consistent with the background-only hypothesis.
This analysis has set 95% credibility-level upper limits on the signal cross-section times acceptance times efficiency times branching ratio for new processes that can produce a Gaussian contribution to the dijet invariant-mass distribution in events having at least one isolated lepton with p T > 60 GeV. Limits are calculated in different scenarios for the width of these Gaussian signals, ranging from that determined by the detector resolution up to 15% of the resonance mass. The limits obtained range from 100 fb to 0.1 fb for resonance masses between 0.25 and 6 TeV.
Model-dependent limits are also set on a variety of BSM models, without the use of additional selection criteria tailored to the specific final states investigated. These results exclude contributions from the W → W Z process in the Sequential Standard Model for masses of the Z (decaying into jet pairs) below 2 TeV, assuming the mass difference between the W and Z is 250 GeV to maximise the cross-section for this process. For a technicolor model in which the relationship between the ρ T and π T masses maximises the cross-section for the final state of interest, technipion masses below 350 GeV are excluded for the range of technipion masses considered.
The model-dependent limits obtained without optimisation for the specific signal models are shown to have the potential to exclude heavy states with complex decays, such as in charged Higgs boson production in association with a top quark, tbH + . For this model, the data exclude H + masses below 1.2 TeV assuming tan β = 0.5. These results complement those from the dedicated H + studies [63] that employ a selection optimised for the charged Higgs event topology.
The data also exclude Z mediator with masses below 1.2 TeV in a simplified Dark Matter model with leptophobic couplings (g q = 0.25, g = 0 and g DM = 1), in which the lepton originates from the decay of an associated W boson. The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource providers. Major contributors of computing resources are listed in Ref. [64] .
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